ABSTRACT. Using the technique of bronchoalveolar lavage, we isolated alveolar macrophages (AM) from the lower respiratory tract of newborn (1-4 days of age), infant (6-10 days of age), juvenile (3-6 months of age), and adult rhesus monkeys. The AM thus obtained were assayed in vitro to determine their chemotactic, phagocytic, and candidicidal capabilities. The predominant (289%) cell type in bronchoalveolar lavage effluent in all ages was the AM. Chemotaxis, phagocytosis, and killing of Candida albicans were markedly impaired in neonatal AM as compared with those from infants, juveniles, and adults. AM chemotactic activity achieved normal adult values by 6 days of age. Phagocytosis, and to a lesser extent candidicidal activity, were significantly improved in 6-day-old animals, but adult levels were still not achieved even by 6 months of age. 
' World Health Organization Fellow, 1985. of the lower respiratory tract, with a significant resultant morbidity and/or mortality (6) . Previous workers have documented deficiencies in aspects of AM function in neonatal rabbits (7) (8) (9) (10) . Nonhuman primates offer a highly relevant model for the study of pulmonary defenses as many aspects of their immunologic defenses are similar to those of humans (1 1, 12) . Despite this advantage, there are few studies of the function of pulmonary defenses in infant nonhuman primates ( I 3, 14) , and little delineation of the normal development of pulmonary defenses in this animal model.
We have examined the functional characteristics of AM in rhesus monkeys and have found that in vitro chemotaxis, yeast phagocytosis, and intracellular candidicidal activity are deficient in AM obtained by BAL of newborn animals. These functions are normal or nearly normal by 6 days of age. There are, however, important differences in the rapidity of development of these functions in AM from infant and juvenile nonhuman primates.
MATERIALS AND METHODS
The techniques involved in BAL, cell determination and chemotactic, phagocytic, and candidicidal activities have been described in detail previously (1 5) and are briefly summarized.
Animals. Rhesus monkeys (Macaca mulatta) at the CPRC were used in the study. Six newborns 1-4 days of age, eight infants 6-10 days of age, 15 juveniles 3-6 months of age, and 25 adults more than the age of 4 yr comprised the study groups. All animals were housed in individual cages except newborns and infants, which were kept in cages with their mothers. All animals were healthy, without cough, weight loss, or anorexia; veterinary staff at the CPRC were consulted if any questions as to the animals' health were raised. All personnel and animals at the CPRC are routinely screened for active mycobacterial disease with yearly skin testing.
BAL. Animals were fasted for at least 6 h and anesthetized with intramuscular ketamine hydrochloride (1 0-15 mg/kg). The glottis was visualized using a pediatric laryngoscope and local anesthesia was achieved with a small amount of 2% Cetacaine spray in older animals. A double-lumen balloon-tipped catheter (American Edwards, Santa Ana, CA), 4-French in newborns and neonates, 5-French in juveniles, and 7-or 10-French in adults, was passed through the vocal cords and wedged in a lower lobe bronchus. Previous study in our laboratory has demonstrated that the catheter enters the right lower lobe bronchus in more than 95 % of such manipulations.
The balloon was inflated and 6 aliquots of sterile Dulbecco's PBS, 1-3 ml/kg, were infused and withdrawn. The balloon was deflated and the catheter removed.
Handling of lavagefluid. The recovered lavage fluid was centrifuged at room temperature for 10 min at 500x g. The super-294 NEONATAL MONKEY ALVEOLAR MACROPHAGE FUNCTION natant was stored at -70" C. The cell pellet was resuspended in a small volume of PBS and the cells were counted using a hemocytometer. Trypan blue exclusion was used as a test of cell viability. The cell suspension was smeared on a slide and stained with methyl violet stain and a differential cell count performed.
Functional studies. Phagocytic and candidal killing assays. Phagocytic and killing capacities of AM were evaluated with a modified fluorochrome assay (16, 17) . Two drops of the alveolar macrophage suspension were placed on a glass cover slip. Two drops of a suspension 48-to 72-h old culture of Candida albicans blastospores (2 x lo6/ ml McCoy's 5a modified medium with 5% rhesus monkey serum) were added to each cover slip and incubated for 4 h at 37" C. Cover slips were then rinsed to remove nonphagocytized blastospores, stained for 60 s with 1.6 x M acridine orange, and mounted on a glass slide.
Slides were viewed under fluorescence microscopy and at least 100 macrophages examined and scored for ingestion and killing of Candida particles. Live intracellular Candida blastospores fluoresce pale green, while killed blastospores fluoresce copper red (17) . Phagocytosis was calculated as the percentage of cells with three or more ingested particles. Cellular killing was calculated as the percent of ingested Candida blastospores killed. All cell suspensions were studied in triplicate.
Verijication of acridine orange technique.
To verify the accuracy of the acridine orange technique we compared AM phagocytosis and candidacidal activity in parallel, using adult rhesus AMs and a modified acridine orange or Giemsa staining technique (18, 19) . AMs were obtained from three adult monkeys and were diluted to 1 x 106/ml in McCoy's 5a media supplemented with 10% fetal calf serum. Aliquots of 100 pl of the cell suspension were placed on titertek glass slides and preincubated for 20 min at 37" C in air-5% C02. A total of 25 p1 of fresh monkey serum were added, followed by 50 p1 of a C. albicans suspension ( 1 x lo6/ ml of McCoy's 5a media supplemented with 5% rhesus monkey serum). After gently mixing, the slides were incubated at 37" C for 3.75 h in air-5% C02. One group of slides were rinsed with 0.9% sterile saline, rapidly air dried, fixed with absolute methanol for 1 min, and stained with a 1:50 aqueous dilution of Giemsa stain (Harleco, Gibbstown, NJ) for 20 min. For the remaining group of slides, acridine orange staining was carried out as described above. Slides were viewed on a microscope and cells counted for uptake of C. albicans. On Giemsa stained slides, intracellular organisms were classified as viable (dark blue staining) or nonviable (clear, light blue, or blue with a pink staining nuclear body). Two hundred cells were scored for phagocytosis and candidacidal activity, with one or more ingested particles being counted as positive for phagocytosis. Acridine orange staining was scored as noted above, except that phagocytosis was scored as cells with one or more intracellular organism. Cells were studied by both techniques in triplicate. The mean values for triplicate results were compared. (N) (6) 
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Statistical analysis. Student's t test for unpaired samples was used to compare the results of chemotactic, phagocytic, and candidicidal studies.
RESULTS
Monkeys of all age groups tolerated bronchoalveolar lavage without untoward effects.
AM chemotaxis. AM obtained in the initial lavage from neonatal (1-4 day old) animals had minimal chemotactic activity to endotoxin-activated plasma (Fig. I) . The number of macrophages migrating to the lower side of the millipore filter was 4 +
AM phagocytosis. AM from newborn (1-4 day old) animals demonstrated poor phagocytosis (Fig. 2) . Cells ingesting three or more C. albicans particles were 12 + 5% of the total number of cells counted. When compared with these values, the phagocytic index (percentage of cells ingesting three or more particles) of alveolar macrophages from older animals was significantly higher. For infants 6-10 days of age, the value was 56 & 4% ( p < 0.001), forjuveniles it was 66 & 8% ( p < 0.001), and for adults it was 75 f 15% ( p < 0.001). When AM from animals between the ages of 6 days and 6 months of age were compared with adult animals, the phagocytic index was also significantly decreased ( p < 0.01).
AM intracellular candidicidal activity. AM obtained from newborn monkeys showed poor intracellular candidicidal activity by the acridine orange assay (Fig. 3) . The killing index (percent of ingested C. albicans particles killed) in these cells was 17 + 2%.
Cells from 6-to 10-day-old infants exhibited a killing index of 80 + 5% ( p < 0.001), whereas juveniles had a killing index of 82 f 10% ( p < 0.001). The killing index of AM from adult animals, 86 + 13%, was also significantly different from newborns ( p < 0.001).
Comparison of acridine orange and Giemsa staining methods. Results of three parallel studies comparing acridine orange and Giemsa staining to score AM for phagocytosis and candidicidal activity are shown in Table 1 . As can be seen, there was good agreement between both techniques, with a maximum of 10% discrepancy in phagocytosis scoring noted. DISCUSSION LRT infections are a major source of morbidity and mortality in infants and children (6) . The vulnerability of the newborn LRT to invasion by pathogens suggests deficiencies in one or more of the defense mechanisms that adequately protect the LRT of the adult (20) .
A primary cellular defense of the LRT is the AM, which is capable of ingesting and killing bacterial and fungal pathogens (1, 2). Our results document in vitro functional defects in AM obtained from newborn primates. Specifically, AM from neonatal animals have minimal chemotactic, phagocytic, and candidicidal activities.
Other investigators have demonstrated specific deficiencies of AM function and pulmonary defenses in newborn animals. Kradin et al. (21) demonstrated a reduction of AM surface opsonic receptor function in rats less than 5 wk of age. Ultrastructural examination of newborn AM revealed large numbers of multilammelar bodies, which were not seen in adult AM. Flow cytometry studies of AM stained for heat-aggregated rabbit IgG suggested that the density of Fc receptors is decreased in newborn AM as compared with adult cells.
Sherman et al. (7) showed decreased in vitro intrapulmonary killing of Staphylococcus aureus by 1-day-old rabbits as compared to 7-and 14-day-old controls. Further, they suggested that Staphylococci were ingested and killed less effectively by AM in 1-day-old rabbits. Using the technique of isolated lung lavage, Sieger (22) (N)
( 1 6 Hatched bar depicts the mean percent of ingested Candida blastopores killed by AM from different age animals (assayed by acridine orange fluorescence). Vertical line is the SD. Note that AM from all animals older than age 6 days had significantly increased candidicidal activity compared with AM from newborn animals ( p < 0.001). found an increasing number of AM/g wet weight of lung in the prenatal period, with a rapid rise to adult levels by the 3rd postnatal day. Normal bactericidal activity against Pseudomonas aeruginosa and S. aureus was found in AM from newborn rabbits. Methodologic differences may explain the contrasting findings between these two studies. Sieger (22) used an AM to bacterium ratio of approximately 5: 1 and an agitated incubation system, which may have facilitated the interaction of AM with bacteria. Sherman (8) also noted impaired phagocytic activity of lung AM after exposure of neonatal rabbits to a hyperoxic environment. More recently, Ganz et al. (9) reported deficiencies of the microbicidal cationic protein MCP-1 (23) with AM from I-, 7-, and 2 1 -day-old rabbits, with the deficiency being most marked in the youngest animals. Bellanti and coworkers (10, 24) demonstrated postnatal developmental changes in rabbit AM which correlated with developing functional competency of the cell.
Studies in ring-tailed rhesus monkeys demonstrated an increase in absolute numbers of alveolar macrophages within the first two postnatal days in term animals (13). Jacobs et al. (14) also showed that phagocytosis of Staphylococci and group B Streptococci by AM from infant rhesus monkeys (mean age 3.8 wk) was equivalent to that of adult control AM after 15 min of incubation. After prolonged incubation (45 min), however, adult AM had greater bactericidal activity. The effect of the preincubation of AM with the immunoregulating synthetic glycopeptide aminobutyryl muramyl dipeptide (25) resulted in the enhancement of the bactericidal activity in the infant AM, whereas adult AM were not significantly improved in their bactericidal activity by this pretreatment.
Data from our laboratory have demonstrated that peripheral blood PMN from healthy neonatal rhesus monkeys are impaired in their ability to move in a directed fashion toward a chemoattractant (Cheung ATW, Miller ME, unpublished observations). These findings are similar to those in human neonates reported by Miller (26) . Our findings of diminished chemotaxis in newborn monkey AM are consistent with abnormal chemotactic function of other phagocytic cells in neonates.
The use of acridine orange as a vital stain to distinguish viable from nonviable C. albicans has certain potential pitfalls in interpretation (27) . The most important of these is the possibility that the orange fluorescence of the yeast particles merely reflects fusion of lysosomal contents with the phagosome, rather than yeast death. This confounding possibility would be more likely with preincubation of macrophages with the acridine orange followed by yeast phagocytosis (28, 29) . Our technique, however, is based on brief postphagocytic staining with acridine orange, rather than relying on the preincubation of macrophages with the lysosomotrope acridine orange. Schuit (17) (18, 19) . Therefore, we believe it is reasonable to interpret our results using differential staining by acridine orange as a true reflection of candidicidal activity.
A potential difficulty with the microscopic scoring of phagocytosis is the differentiation of those Candida particles that have been ingested by macrophages from those that are merely adherent to the macrophage plasma membrane. Our laboratory has used yeast phagocytosis as a standard method for nearly two decades (32) . On numerous occasions, we have verified our results obtained by light microscopy by simultaneously performed election microscopy. Under the experimental conditions outlined herein, the data are highly correlated, with apparent ingestion by light microscopy being confirmed by electron microscopy.
The candidicidal activity of adult rhesus AM in our study exceeds that reported in other experimental animals such as rabbits (33, 34) and guinea pigs (35) . We have compared the acridine orange method with the Giemsa staining method using adult rhesus AM and believe that our results are accurate. When these two techniques were compared, as reported in Table 1 , the percentages reported for phagocytosis and candidicidal activity are lower than those we obtained during our experimental studies of newborn, infant, juvenile, and adult AM. We believe that these differences may be explained by several important factors, including the age of C. albicans cultures used in the experimental (48-72 h) and the comparison (24 h) studies, as well as differences in C. albicans concentrations used in both cases. Despite these variabilities in techniques, we believe that the major difference seen in candidicidal activity of newborn and adult rhesus AM tested by the fluorochrome assay is indicative of true functional impairment in newborn AM.
The timing of the appearance of AM that can function at adult levels in the rhesus monkey is similar to the development of other aspects of immunologic defenses. We have previously demonstrated that neutrophil influx into the perturbed lung is absent in newborn monkeys, but appears at an intermediate level in animals between 6 days and 8 months of age (15, 36) . Peripheral blood neutrophil chemotaxis is also markedly deficient in newborn monkeis, achieving normal levels by 6 days of age. Of particular interest is the observation that the development of this aspect of neutrophil function is dependent on the postnatal rather than the gestational age; neutrophils from preterm animals show normal chemotaxis by the 6th postnatal day, as do neutrophils from full-term animals. Further study of the ontogeny of AM function, as well as those factors that may retard or speed its development, should prove useful in our understanding and control of neonatal infections involving the LRT.
